Wnt/b-catenin signaling mediates cancer immune evasion and resistance to immune checkpoint therapy, in part by blocking cytokines that trigger immune cell recruitment. Inhibition of b-catenin may be an effective strategy for increasing the low response rate to these effective medicines in numerous cancer populations. DCR-BCAT is a nanoparticle drug product containing a chemically optimized RNAi trigger targeting CTNNB1, the gene that encodes b-catenin. In syngeneic mouse tumor models, b-catenin inhibition with DCR-BCAT significantly increased T cell infiltration and potentiated the sensitivity of the tumors to checkpoint inhibition. The combination of DCR-BCAT and immunotherapy yielded significantly greater tumor growth inhibition (TGI) compared to monotherapy in B16F10 melanoma, 4T1 mammary carcinoma, Neuro2A neuroblastoma, and Renca renal adenocarcinoma. Response to the RNAi-containing combination therapy was not dependent on Wnt activation status of the tumor. Importantly, this drug combination was associated with elevated levels of biomarkers of T cell-mediated cytotoxicity. Finally, when CTLA-4 and PD-1 antibodies were combined with DCR-BCAT in MMTV-Wnt1 transgenic mice, a genetic model of spontaneous Wntdriven tumors, complete regressions were achieved in the majority of treated subjects. These data support RNAi-mediated b-catenin inhibition as an effective strategy to increase response rates to cancer immunotherapy.
INTRODUCTION
Tumors evade the immune system, in part, by activating molecular checkpoints that dampen antitumor host defense responses. 1 Pharmacological blockade of these inhibitory checkpoints promotes tumor cell lysis by activation of cytotoxic T cells in response to the presentation of tumor antigens. 2, 3 The recent development and commercialization of cancer immunotherapeutics, including PD-1-, PD-L1-, and CTLA-4-targeting antibodies, have led to dramatically increased response rates in melanoma and several other tumor types. 4 However, most tumors remain insensitive to checkpoint blockade immunotherapy. A primary determinant of response to checkpoint blockade is the presence of an inflamed microenvironment containing T cells, elevated levels of interferon (IFN)g, and elevated levels of PD-L1. 5 Non-inflamed tumors, also referred to as immunologically cold, respond poorly to immunotherapy, in part due to their lack of sufficient T cell content in the microenvironment. 6 Recent efforts to increase the low response rates to cancer immunotherapeutics have included combining multiple checkpoint inhibitors, which increased efficacy but also increased the occurrence of immune-related adverse effects. 7 Other efforts to sensitize cancers to checkpoint blockade are in early clinical evaluation, including combining with standard-of-care chemotherapy, 8 radiotherapy, 9 or targeted small molecule inhibitors of epigenetic modifiers 10 and signaling kinases. 11 The Wnt/b-catenin pathway, a signaling network with broad roles in development and homeostasis, is strongly tumorigenic when dysregulated. 12 Aberrant accumulation of b-catenin in the cell nucleus, caused by mutations in the protein itself or in direct binding partners, promotes a transcriptional program that serves as a key driver of transformation, tumor maintenance, and metastasis. More recently, b-catenin has been directly implicated in tumor immunology, particularly in melanoma. These observations culminated in the demonstration by Spranger et al. 13 that Wnt/b-catenin pathway signatures are inversely correlated to T cell signatures in biopsies from metastatic melanoma patients. Furthermore, genetic activation of b-catenin excluded T cells from mouse melanoma tumors and rendered them insensitive to PD-1 and CTLA-4 antibodies. Importantly, mutations in Wnt-related genes correlated strongly to a low T cell signature in a large panel of human colorectal tumors. 14 One mechanism by which b-catenin promotes immune cell evasion is proposed to involve the upregulation of transcriptional repressor ATF3, which in turn prevents the tumor cell from secreting CCL4, a chemokine attractant that allows antigen-presenting cells to infiltrate the tumor. 13 This is likely to be one of several strategies by which oncogenic pathway activation or suppression can regulate consequential interactions with immune cells in the tumor microenvironment (TME). In addition to b-catenin, recent observations suggest that RAS/MAPK, 15 PTEN, 16 and MYC 17 signaling may also have immune-modulating functionality.
While several indirect Wnt pathway inhibitors are in various stages of clinical development, 12 efforts to block b-catenin directly using conventional pharmaceutical modalities have not been successful. RNAi is an emerging technology, enabling the inhibition of traditionally undrug-treatable targets at the mRNA level. 18 We have previously reported the development of a potent RNAi trigger targeting CTNNB1, the gene that encodes b-catenin. 19 The drug product containing this oligonucleotide, termed DCR-BCAT, is an intravenously delivered lipid nanoparticle (LNP) formulation that selectively silences CTNNB1 in tumors and causes rapid tumor growth inhibition in diverse Wnt-dependent preclinical models. In the preclinical setting, DCR-BCAT is efficacious against primary and metastatic tumors, both as a monotherapy and in combination with conventional targeted therapeutics at well-tolerated doses. 19, 20 In this report, we demonstrate that DCR-BCAT treatment causes robust increases in tumor-associated T cell content, antigen-presenting cells (APCs), immune checkpoint expression, and chemokine expression in murine tumors. In syngeneic models of melanoma, renal, neuroblastoma, and mammary carcinomas, combining immunotherapy with DCR-BCAT sensitized non-inflamed tumors and demonstrated synergistic efficacy. In spontaneous Wnt1-driven mammary tumors, DCR-BCAT plus PD-1/CTLA-4 therapy yielded complete regressions in the majority of treated animals. These data suggest CTNNB1 RNAi therapy as an effective approach to improve response rates to immunotherapy for cancers of diverse genetic origin.
RESULTS

RNAi-Mediated b-Catenin Inhibition Increases T Cell Infiltration in Immunotherapy-Refractory Syngeneic Mouse Tumors
RNAi therapy is an approach to post-transcriptionally silence mRNAs with high potency and specificity. Dicer-substrate small interfering RNAs (siRNAs) (DsiRNAs) targeting CTNNB1, formulated in a tumor-selective lipid nanoparticle, cause robust suppression of Wnt/b-catenin effectors and proliferation of Wnt-dependent tumors in preclinical models at well-tolerated dose levels. 19 This experimental drug product, termed DCR-BCAT, also displays synergistic efficacy in combination with other oligonucleotides and targeted MAPK pathway inhibitors. 20 The DCR-BCAT DsiRNA contains stabilizing and immune-evading ribose modifications (2 0 O-Me and 2 0 F nucleosides), and the RNAi target site is 100% conserved between the human CTNNB1 gene and the murine Ctnnb1 gene, enabling experimental use in tumors derived from both species. 19 In the context of recent hypotheses around the role of b-catenin in tumor immunology, 13 we sought to investigate whether specific pharmacological inhibition of Ctnnb1 mRNA impacts immune cell subpopulations and relevant signaling intermediates in a model of murine melanoma. B16F10 tumors, known to be refractory to immune checkpoint therapy, 21 were allografted subcutaneously into immunocompetent C57BL/6 mice. After the tumors reached a volume of 250 mm 3 , DCR-BCAT or DCR-Placebo (a scrambled DsiRNA with matched chemistry and formulation), along with a separate vehicle control, were administered intravenously via tail vein, according to the dosing regimen shown in Figure 1A (n = 5-6/cohort). Tumors were excised for pharmacodynamic endpoint analysis after treatment. qPCR measurements using total RNA isolated from the tumor show that DCR-BCAT caused a partial reduction in Ctnnb1 mRNA and a concomitant increase in the Ccl4 mRNA ( Figure 1B) . As b-catenin has been previously shown to cause immune evasion, in part, by transcriptional repression of Ccl4, the alleviation of Ccl4 repression is associated with robust increases in the dendritic cell mRNA marker Itgae, which encodes CD103, and the cytotoxic T cell mRNA marker Cd8a ( Figure 1B ). These RNAi effects generally confirm previous observations reported using a model where activated Ctnnb1 was genetically introduced into murine melanoma. 13 We then performed flow cytometry to measure surface markers on single-cell suspensions prepared from the extracted B16F10 tumors ( Figure 1C ). While the irrelevant DsiRNA placebo had no significant effect on the tumor immune compartment, DCR-BCAT treatment resulted in highly significant increases in total T cells (CD3), cytotoxic T cells (CD8), antigen-presenting dendritic cells (CD103), and the PD-1 T cell checkpoint. Additional flow cytometry analyses showed a treatment-associated increase in three different T cell receptor (TCR) cofactors known to be checkpoints within CD8+ T cells: PD-1, TIM-3, and LAG-3 ( Figure S1A ). In contrast to the robust increase in tumor T cell content, there were no observed treatmentrelated effects on tumor-associated natural killer (NK) cells, another important subpopulation known to modulate response to immunotherapy ( Figure S1B ). 22 Similarly, changes in immunosuppressive myeloid-derived suppressor cells (MDSCs) and regulatory T cells (T regs ) after treatment were minimal and variable ( Figure S1B ). These data suggest that recruitment of cytotoxic T cells is a dominant mechanism of immunomodulation by b-catenin RNAi therapy.
Finally, immunohistochemistry (IHC) for b-catenin and CD8 proteins, performed on formalin-fixed, paraffin-embedded (FFPE) B16F10 tumor tissue, provided further confirmation of the DCR-BCAT treatment effects ( Figure 1D ). For both the IHC and flow cytometry datasets, the tumor samples were derived from separate, independent in-life experiments. Loss of b-catenin protein after RNAi therapy (approximately 60% decrease in relative intensity) was homogeneous throughout the tumor section, and it was observed in both the cell membrane and the cytosol of B16F10 tumors. In the native state, the tumors are negative for CD8, consistent with their immunologically cold status. After two rounds of DCR-BCAT treatment, CD8 staining was observed throughout the tumor ( Figure 1D ). Collectively, the qPCR, flow cytometry, and IHC data demonstrate the potential of RNAi silencing of Ctnnb1 to increase the population of tumor-associated APCs and lymphocytes, both of which are known to have positive predictive value for response to immunotherapy.
RNAi-Mediated b-Catenin Inhibition Potentiates the Activity of Immune Checkpoint Inhibitors in Syngeneic Tumors
While immune checkpoint blockade has demonstrated a clear benefit for patients experiencing a subset of melanoma, lung, and other tumors, most tumors are non-responsive. 23, 24 Likewise, many experimental murine tumor models are also insensitive or only partially sensitive to immunotherapy, and the majority of preclinical study has focused on a small subset of models to demonstrate the efficacy of these agents. Given the ability of RNAi-mediated b-catenin inhibition to increase tumor-associated cytotoxic T cells, we sought to determine if DCR-BCAT could sensitize refractory tumors to a standard immunotherapy regimen containing anti-PD-1 and CTLA-4 antibodies.
In Figure 2A , immunocompetent mice harboring subcutaneous B16F10 tumors were treated systemically with DCR-BCAT or the formulated placebo DsiRNA (DCR-Placebo), followed by the immune checkpoint inhibitors, for two cycles over 2 weeks. The rationale for the dosing regimen was that RNAi therapy would have to be administered first in each cycle, to enable T cell recruitment to the tumor, before initiating checkpoint blockade. The selection of anti-PD-1/CTLA-4 and the immunotherapy dose regimen employed in these studies was made based on previous work from Spranger et al., 13 where it was evaluated in a preclinical melanoma model that had been engineered to express an activated allele of Ctnnb1.
Immunotherapy alone (in combination with a placebo DsiRNA) yielded only 50% tumor growth inhibition, as expected based on previously reported observations for this model. 25 DCR-BCAT alone was ineffective, as expected since b-catenin inhibition as a single agent was shown to only be efficacious in tumors with dysregulated Wnt signaling and detectable nuclear b-catenin, a category that includes 90% of colorectal tumors but few melanomas. 19, 26, 27 However, combining the two agents resulted in synergistic efficacy and nearcomplete tumor growth inhibition (Figure 2A ). To determine if the benefits of combination therapy are unique to melanoma or unique to the properties of B16F10 tumors, we performed a similar study in a second syngeneic allograft model, Neuro2A neuroblastoma, which has been recently shown to be unresponsive to PD-1 therapy. 28 While no activity was observed with either DCR-BCAT or immunotherapy alone, 74% tumor growth inhibition (TGI) was achieved in combination ( Figure 2B ).
To determine if the mechanism of action for combination treatment involves cytotoxic T cell-mediated tumor cell death, we performed immunohistochemistry for granzyme B and perforin degranulation causes release of perforin, which promotes pore formation on the tumor cell membrane, allowing granzyme B to access the cytosol and proteolytically activate proapoptotic Bcl-2 family members. [29] [30] [31] [32] Tumors from mice treated with the specific RNAi and antibody combination were highly positive for both biomarkers ( Figure 2C ), compared to tumors from the placebo or monotherapy cohorts. Interestingly, large pores were observed on the tumors macroscopically in the B16F10 cohorts treated with the antibodies, consistent with the effects of polymerized perforin as has been reported for metastatic melanoma patients on cellbased immunotherapy ( Figure 2C ; T. Schumacher, 2018, Mol. Cancer Ther., abstract). 33 To further investigate the mechanism by which this experimental drug combination yields antitumor efficacy, the B16F10 tumor study shown in Figure 2A was repeated two additional times under independent conditions where the syngeneic tumor did not have access to host T cells ( Figure S2 ). In the first case, CD8-positive T cells were depleted by treatment with a CD8a-targeting monoclonal antibody (mAb) before and during combination therapy, as previously described 35 ( Figure S2A ). In parallel, the experimental regimen was repeated in tumor-bearing athymic nu/nu (nude) mice, which natu-rally lack T lymphocytes ( Figure S2B ). In both of these studies, no tumor growth inhibition was observed with the combination or with either single agent. These data demonstrate that RNAi-mediated sensitization to immune checkpoint inhibition is completely dependent on the presence of cytotoxic T cells.
RNAi Potentiation of Checkpoint Blockade Is Independent of Dysregulated Wnt Signaling and Does Not Require anti-CTLA-4
Aberrant Wnt signaling, often detected by the steady-state presence of b-catenin in the tumor cell nucleus, results in a dissociation between extracellular stimuli and Wnt-dependent mitogenic transcriptional programming. In tumors without dysregulated Wnt signaling, b-catenin is only detected in the membrane or in a diffuse cytosolic pattern. Human cancers featuring aberrant Wnt signaling due to a tumorigenic genetic lesion, a category that includes >95% of colorectal tumors and smaller percentages of other tumor types, are sometimes referred to as Wnt activated. 27 In human tumor xenograft models, silencing of CTNNB1 mRNA by therapeutic RNAi only yields antitumor efficacy in the Wnt-activated context. 19 Given these past observations, we sought to determine if activated Wnt is a prerequisite for DCR-BCAT plus immunotherapy combination efficacy. First, we determined which of the models used in our experiments were positive for nuclear b-catenin (Figure 3 ). Interestingly and unexpectedly, B16F10 and Neuro2A tumors are highly responsive to combination therapy ( Figure 2 ), despite their lack of detectable nuclear b-catenin ( Figure 3 ). We then sought to clarify this correlation using additional models. We selected two additional models for subcutaneous allografting: 4T1 breast tumors, which are Wnt activated due to their loss of the negative regulator Wnt5A, 36 and Renca renal cell carcinoma (RCC), which have no reported evidence of Wnt activation and an absence of nuclear b-catenin ( Figure 3 ). Interestingly, flow cytometry data from Wnt-activated 4T1 tumors ( Figure S3 ) showed a similar level of checkpoint elevation after RNAi treatment as B16F10 ( Figure S1 ). Consistent with their likely Wnt activation status, 4T1, but not Renca, tumors displayed sensitivity to DCR-BCAT monotherapy ( Figures 4A and 4B ). Critically, both models were relatively insensitive to immunotherapy alone, but they demonstrated highly significant TGI (74%) in the RNAi combination setting ( Figures 4A  and 4B ). These data again suggest a broad applicability for DCR-BCAT in combination with immunotherapy and that genetic background is not a dominant driver of response.
Given the observation that steady-state nuclear b-catenin was not required for its immune modulating function in tumors, we explored a possible role for indirect, noncanonical mechanisms. b-catenin is known to interact directly with nuclear factor kB (NF-kB) transcription complexes and inhibit its transcriptional activity through sequestration, an event that may contribute to immunosuppression in a subset of liver, breast, and colorectal tumors. [37] [38] [39] Chemokines CXCL10 and CXCL11 are known to be highly responsive to NF-kB signaling. 40 Intriguingly, we observed that systemic DCR-BCAT therapy caused upregulation of the corresponding mRNAs encoding these chemokines, Cxcl10 and Cxcl11, in multiple models in a Wntindependent manner ( Figure S4 ). These observations offer the suggestion that one or more known noncanonical b-catenin-signaling mechanisms are involved in its tumor T cell exclusion activity. [37] [38] [39] As part of the same line of experimentation, we also sought to further characterize RNAi combination therapy by determining if comparable efficacy is achieved by inhibiting PD-1 alone compared to PD-1 + CTLA-4. PD-1 alone is a favorable treatment option due to its higher therapeutic index compared to anti-CTLA-4 therapy. 41, 42 Importantly, in both 4T1 and Renca, the potentiation of response by RNAi was similar if the immunotherapy regimen used both antibodies or was limited to anti-PD-1 alone ( Figures 4A and 4B ). Taken together, DCR-BCAT demonstrates considerable versatility in sensitizing diverse tumors to multiple immunotherapy regimens.
Characterization of DCR-BCAT-Mediated Immunomodulation in Spontaneous MMTV-Wnt1 Tumors
DCR-BCAT is an LNP drug product. Biodistribution, including tumor extravasation and penetration, is highly dependent on the physical properties of nanoparticles. 43 A well-known liability of surgical tumor models (xenografts and allografts) is the uncertainty that the tumor has developed a clinically representative microenvironment and vasculature. 44 Therefore, it is critical that our findings are validated in a spontaneous tumor setting, where the TME is not influenced by the allografting process. For this series of studies, we employed the MMTV-Wnt1 mammary model, as these tumors are highly b-catenin dependent. 45 First, MMTV-Wnt1 mice with well-established tumors were treated with DCR-BCAT (5 mg/kg, qdx3), and tumor sections were stained for both b-catenin and CD8 ( Figure 5A) . At the protein level, nearcomplete loss of b-catenin was observed throughout the tumor section. In the absence of RNAi treatment, cytotoxic T cells (CD8) were virtually undetectable, whereas after treatment, the tumors were highly CD8 positive, similar to our observations from allografted tumors (Figure 1 ). To characterize the kinetics and dose dependence of T cell recruitment following Ctnnb1 silencing, we used qPCR to track Ctnnb1 and Cd8a mRNA levels after treating animals with different dose regimens and dose levels ( Figure 5B ). These data showed that a single dose of 3 mg/kg was insufficient to affect levels of either mRNA. Two daily doses of either 3 or 5 mg/kg was sufficient to detect a decrease in Ctnnb1 and a simultaneous increase in Cd8a.
Adding a second cycle of two daily doses further increased the magnitude of the Cd8a response. Finally, similar mRNA responses were observed if the measurements were taken either 1 or 4 days after the final dose, demonstrating a durable pharmacodynamic signal.
In addition to Cd8a, other markers of tumor inflammation, including Cd274 (PD-L1) mRNA, as well as known IFNg-responsive mRNAs Cxcl10, Stat1, and Ido1 mRNAs, 48 were also elevated by DCR-BCAT under these conditions ( Figure S5 ). These findings support the adaptive immune resistance hypothesis in which the PD-L1 is not constitutively expressed but induced in response to inflammatory signals such as IFN-g that are produced by an active antitumor immune response mediated by CD8+ T cells. 49, 50 Antitumor Efficacy of DCR-BCAT Monotherapy and Combination Immunotherapy in MMTV-Wnt1 Mice
To determine the effect of DCR-BCAT as a single agent on the growth of MMTV-Wnt1 tumors, we treated mice with palpable mammary tumors (200-400 mm 3 ) with 3 daily doses of 3 mg/kg ( Figure 6 , left panel). While the DCR-Placebo cohort displayed approximately 5-fold increases in tumor volume in less than a week after the final dose, complete TGI was observed in the DCR-BCAT cohort. At day 9 of the study, a crossover protocol was employed where the animals with large tumors from the DCR-Placebo cohort (1,500-2,500 mm 3 ) were treated with DCR-BCAT ( Figure 6 , right panel). Again, complete stasis in tumor growth was observed, suggesting that tumor size does not affect the pharmacological activity of this drug product.
In a follow-up study, DCR-BCAT or DCR-Placebo was tested in combination with PD-1/CTLA-4 immunotherapy ( Figure 7A , left panel). In this experiment, the number of RNAi doses per cycle was decreased from 3 to 2, to tune the monotherapy antitumor response from complete TGI to partial TGI, thus enabling a larger dynamic range to observe the effects of combination therapy. Immunotherapy alone yielded a minimal response, consistent with the lack of detectable CD8+ T cells in MMTV-Wnt1 tumors. To the contrary, DCR-BCAT combined with immunotherapy yielded complete TGI and near-complete tumor regression in 3 of 5 tumors in the cohort ( Figure 7A, left panel) . Administration of maintenance therapy in the 3 complete responders (two additional cycles) resulted in a lack of palpable tumors in these animals up to 1 month after study initiation ( Figure 7A, right panel) . A tumor excised from animals on therapy was positive for CD8, perforin, and granzyme B 1 day after the completion of the second cycle ( Figure 7B ), suggesting a T cell cytotoxicity mechanism similar to observations in B16F10 allografted tumors ( Figure 2 ). Collectively, these data serve to demonstrate that Ctnnb1 silencing is a robust strategy to sensitize CD8-negative tumors to immunotherapy in clinically relevant models.
Indirect Wnt Pathway Targeting Is Not Sufficient for Inhibiting Immune Exclusion in Non-Wnt-Activated Tumors
While DCR-BCAT targets b-catenin directly via post-transcriptional mRNA silencing, several clinical-stage Wnt pathway modulators are A B Figure 4 . Anti-PD-1 Therapy Alone Is Sufficient to Sensitize Tumors to DCR-BCAT 4T1 (A) or Renca (B) tumor-bearing mice (n = 5/cohort) were generated and enrolled as described. Dosing was initiated when tumor volume reached 100-300 mm 3 . Animals were dosed on the days indicated by the arrows (blue arrows, DCR-BCAT or DCR-Placebo, 3 mg/kg/dose; orange arrows, anti-PD-1/CTLA-4, 5 mg/kg/dose of each antibody in the combination cohorts only as indicated in the figure) . For the PD-1 alone studies (right panels of A and B), anti-PD-1 was administered at a 5 mg/kg/dose. DCR-BCAT and DCR-Placebo were given intravenously (tail vein) and the antibodies were administered intraperitoneally. Tumor volumes were measured twice weekly over the study period. The mean TGI values are displayed on the plots for the cohorts that responded to therapy. Error bars represent the SEM and are sometimes too small to be visible on the plots.
being evaluated for their ability to promote antitumor efficacy through indirect b-catenin inhibition. 27, [51] [52] [53] One such investigational drug (and arguably the most clinically advanced), LGK-974, is an inhibitor of the PORCN acetyltransferase, which is required for secretion of Wnt ligands. 54 LGK-974 has been in multiple clinical trials, including in combination with anti-PD-(L)1, for evaluation as a potentiator of immune checkpoint inhibition. We sought to compare the ability of LGK-974 and DCR-BCAT to promote T cell infiltration.
To perform this comparison, we employed mice harboring two relevant tumor types: Wnt-active tumors driven by overexpression of a Wnt ligand and, therefore, predicted to be responsive to LGK-974 (MMTV-Wnt1 model) and non-Wnt-activated tumors (B16F10) (Figure 8 ; Figure S6 ). This analysis utilized Axin2 mRNA as a surrogate for Wnt activity, due to its excellent correlation with Wnt signatures and nuclear b-catenin in humans, 14 and Cd8a mRNA to monitor tumor T cell content.
In MMTV-Wnt1 tumors, the Wnt effector mRNA Axin2 was suppressed by both DCR-BCAT and LGK-974 at dose levels previously reported 54 to be efficacious ( Figures 8A and 8B) . The pharmacodynamic response to LGK-974, however, is very transient as previously shown, 54 presumably due to its pharmacokinetic properties; Axin2 mRNA returns to baseline by 24 hr after treatment ( Figure 8B ). Predictably, only DCR-BCAT directly affected Ctnnb1 mRNA levels as
LGK-974 does not target Ctnnb1 mRNA or b-catenin protein directly. Importantly, Cd8a mRNA elevation was observed after both direct and indirect inhibition. T cell elevation appeared to be variable but sustained 24 hr after LGK-974 treatment, suggesting that even a transient dampening of Wnt activity is sufficient for this mechanism ( Figure 8B ). However, the T cell response was far more robust and consistent between animals after repeat dosing of LGK-974, compared to a single administration ( Figure 8B) . These data suggest that suppression of b-catenin by direct or indirect pharmacological intervention is sufficient to overcome its immune evasion function in tumors that are driven by Wnt ligand defects, although such genetic lesions are relatively uncommon in humans. 27 It is worth noting that one limitation of LGK-974 is that, as an inhibitor of Wnt ligand secretion, it is expected to be generally ineffective against the majority of Wnt-activated tumors. This is because most tumors in this category are driven by downstream genetic lesions such as APC, which is by far the most common mutation found in colorectal tumors. Indeed, while DCR-BCAT reduces expression of both CTNNB1 (63%) and AXIN2 (58%) in LS411N colorectal cancer (CRC) human tumor xenografts (3 doses of 1 mg/kg) harboring an APC loss-of-function mutation 19 (Figure 8C ), LGK-974 caused only a slight, transient reduction of AXIN2 (19%) in LS411N tumors even at highly exaggerated dose levels (9 daily doses of 3 mg/kg). These data further exemplify the broad potential of the direct-targeting RNAi approach.
In non-Wnt-driven B16F10 tumors, DCR-BCAT treatment demonstrated a similar reduction of Ctnnb1 mRNA but no effect on Axin2 mRNA ( Figure S6 ), as predicted given the lack of steady-state nuclear b-catenin (Figure 3 ). Despite the lack of direct transcriptional effects, direct inhibition of b-catenin yielded tumor T cell infiltration (Figure 1; Figure S6 ). To the contrary, LGK-974 was unable to promote an increase in Cd8a mRNA, suggesting that pathway perturbation at the level of Wnt ligand secretion does not promote immune modulation in contexts where b-catenin function is not dysregulated (Figure S6) . These stark differences suggest that the broad applicability of DCR-BCAT in potentiating immunotherapy across tumors of diverse genetic origin does not extend to indirect Wnt pathway modulators.
DISCUSSION
Increasing the response rate to immune checkpoint inhibition is arguably the most important long-term goal in experimental medical oncology. Numerous lines of evidence suggest that direct targeting of tumor-intrinsic pathways, including Wnt/b-catenin and other classical oncogenes, could be a highly impactful strategy to achieve favorable outcomes to immunotherapy. First, multiple independent investigators have reported an inverse correlation between Wnt signaling and tumor T cell infiltration across a spectrum of human tumors. 13, 14, 51, [55] [56] [57] Functionally, the modulation of b-catenin expression has been shown to have a large impact on tumor T cell content in preclinical models. 13 Similarly, oncogenic RAS signaling drives immunosuppression by increasing the stability of PD-L1 mRNA. 58 Indeed, in clinical studies of RAS/RAF-activated tumors, treatments with downstream BRAF and MEK inhibitors have also increased T cell infiltration. [58] [59] [60] MYC depletion also appears to confer immunologic benefit, 17,61 as well as histone deacetylase (HDAC) inhibitors, which may modulate oncogene expression though epigenetic mechanisms. 62 Finally, loss-of-function mutations in tumor suppressors, including PTEN, p53, and LKB1, also appear to correlate negatively with tumor T cell content. 63 Collectively, these observations validate the emerging strategy of rational drug combinations to sensitize tumors to anti-PD-1, anti-PD-L1, and other emerging checkpoint inhibitors.
Despite this emerging evidence, direct and tumor-selective intervention to potentiate immunotherapy has been extremely challenging. Clinical evaluation of the BRAF inhibitor vemurafenib in combination with the CTLA-4 antibody ipilimumab was terminated early because of substantial liver toxicities. 64 While MEK inhibition (MEKi) may be better tolerated, 65 there is the concern that MEKi can paradoxically suppress T cell activation through nonspecific systemic effects. 66, 67 Efforts to target MYC and b-catenin 51,54,68,69 are thus far indirect, non-tumor selective, and in some cases appear to have toxicity liabilities due to unwanted pharmacology in normal tissues. 54 DCR-BCAT and its underlying LNP technology offer two significant potential advantages over these approaches. Namely, pharmacological activity is limited in most normal tissues, and equally important is that the technology enables direct targeting of a classically un-drug-treatable oncogene. Both of these attributes may increase the therapeutic index while limiting signaling redundancy and acquired resistance. While the RNAi approach for this application overcomes some limitations of conventional drug modalities, challenges remain, including limited clinical experience, the relative complexity of PK/PD relationships, and the higher cost of manufacturing. Along with DCR-BCAT, ongoing preclinical programs investigating KRAS-targeting oligonucleotides 70, 71 will also contribute to the collective experience in this rapidly emerging space.
The work in this report corroborates the central components of the mechanism proposed by Spranger et al., 13 but our observations uncovered a key difference with clinical implications. The previous work strongly suggests that dysregulated Wnt/b-catenin signaling is required for immunomodulation. Intriguingly, our work demonstrates that RNAi therapy sensitizes tumors to checkpoint inhibition even in the absence of activated Wnt signaling, greatly increasing the number of potentially eligible patients. While more work is needed to understand the factors that contribute to this apparent discrepancy, these observations suggest a role for one or more of the numerous functions of b-catenin beyond its canonical transcriptional activity at TCF/LEF promoter sites. Clearly, important mechanistic questions remain. We have corroborated that b-catenin causes suppression of CCL4 and other chemokines, which in turn limits the ability of tumors from recruiting APCs or T cells directly. 13, 63 APCs, including dendritic cells, function not only by presenting the antigens to T cells but also by promoting recruitment of T cells to the TME. 63 An important line of investigation will be to determine if b-catenin also promotes immune evasion through non-CCL4-dependent mechanisms. One reasonably well-characterized indirect pathway that could be contributing to the phenotype is the sequestration of NF-kB by b-catenin, 37 resulting in the suppression of T cell-attracting chemokines, including CXCL10 and others. 40, 72 It is likely that the pharmacological inhibition of b-catenin in the non-Wnt-activated setting reverses its suppression of inflammatory genes, in part, by restoring the NF-kB. 37 Interestingly, NF-kB is also known to crosstalk with the ATF3 transcriptional repressor, possibly explaining the effects on CCL4 even in the non-Wnt-activated context. 73 In addition to their ability to promote T cell exclusion by restricting antigen presentation, tumors are known to promote an immunosuppressive microenvironment containing T regs , MDSCs, and subtypes of tumor-associated macrophages (TAMs), all of which can directly or indirectly inactivate CD8 + T cells. 74, 75 While preliminary evidence would not suggest a major role for MDSCs ( Figures S1 and S2) , this is still an open area of experimentation. If b-catenin is found to affect recruitment of immunosuppressive cells to the TME, adding other classes of immunotherapeutics to the RNAi-containing regimen, including IDO1 inhibitors or STING agonists, may further improve responses. [76] [77] [78] RNAi and the advanced LNP drug delivery technology will also continue to serve as powerful research tools for elucidating these outstanding questions in preclinical tumor models.
Previous work demonstrated that the modular nature of the LNP encapsulated RNAi platform enables rational targeting of specific oncogenes or combinations thereof, potentially based on personalized genetic profiling of individual tumors. In this report, we demonstrate that the combination of systemically administered therapeutic RNAi and common immunotherapeutics may yield striking efficacy in difficult-to-treat, immunotherapy-refractory tumors independently of genetic background. Overall, this study provides a strong rationale for clinical evaluation of this novel treatment strategy.
MATERIALS AND METHODS
Materials
All DsiRNAs were synthesized by Integrated DNA Technologies (IDT, Coralville, IA). Primer and probe oligonucleotides used in real-time qPCR detection were synthesized by IDT or Life Technologies (Carlsbad, CA). Monoclonal antibodies (anti-mouse PD-1, anti-mouse CTLA-4, and anti-mouse CD8a) were purchased from Bio X Cell (Lebanon, NH). Tumor dissociation kit and Smart Strainers used to make single-cell suspension were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Monoclonal antibodies used for flow cytometry were purchased from BioLegend (San Diego, CA). DCR-BCAT and Placebo LNPs were prepared as previously described. 19 Anti PD-1 antibody, anti-CTLA-4 antibodies, and anti-CD8a antibodies were diluted in PBS and administered intraperitoneally. DCR-BCAT and DCR-Placebo (LNP with chemistry-matched, scrambled CTNNB1 DsiRNA) were given intravenously.
LGK-974 was purchased from Selleckchem.com (Houston, TX).
LGK-974 was dissolved in DMSO (2%) and Corn Oil (solvents added individually and in order) and was administered orally.
Cell Lines
Mouse cell lines B16F10, 4T1, Neuro 2A (N2A), and Renca were obtained from ATCC (Manassas, VA). B16F10 and cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS). 4T1 and Renca cell lines were grown in RPMI medium supplemented with 10% FBS. N2A cells were grown in MEM supplemented with 10% FBS. C57BL/6 and BALB/c mice were obtained from Charles River Laboratories (Indianapolis, IN) and A/J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All cell lines were maintained at 37 C and 5% CO 2 . All cells were tested regularly for mycoplasma contamination and for rodent pathogens.
Murine Tumor Models
For syngeneic allograft models, 6-to 8-week-old C57BL/6, BALB/c, and A/J mice were injected subcutaneously with B16F10 (1 Â 10 6 cells), Figure 7 . Efficacy of DCR-BCAT in MMTV-Wnt1 Tumors in Combination with Immunotherapy (A) MMTV-Wnt1 tumor-bearing mice were randomized into four cohorts (n = 2-5, as shown) and enrolled in an antitumor efficacy study. The tumor volume at study initiation ranged from 400 to 600 mm 3 . Animals were dosed on the days indicated by the arrows (blue arrows, DCR-BCAT or DCR-Placebo, 3 mg/kg/dose; orange arrows, anti-PD-1/CTLA-4, 5 mg/kg/dose of each antibody in the combination cohorts only as indicated in the figure, left panel). DCR-BCAT and DCR-Placebo were given intravenously (tail vein) and the antibodies were administered intraperitoneally. Tumor volumes were measured frequently during the study period, and the measurements for the individual animals are shown. For the 3 of 5 animals in the combination cohort (orange squares) that achieved complete regression, animals were placed on maintenance therapy for an additional two cycles (right panel). (B) A satellite animal from the DCR-BCAT + PD-1/CTLA-4 combination cohort was necropsied on day 10, 24 hr after the final antibody dose. FFPE slides were prepared and stained for CD8, perforin, and granzyme B as indicated. Scale bars: 200 mm.
Renca (1 Â 10 6 cells), 4T1 (2 Â 10 6 cells), or N2A (2 Â 10 6 cells) under the right shoulder. For Figure S2B only, athymic nu/nu mice were used as indicated. The appropriate background strain was chosen for each syngeneic tumor type, based on ATCC guidance. Dosing was initiated when the tumors reached 100-300 mm 3 . Tumor volume was measured 2-3 times a week. For transgenic model experiments, MMTV-Wnt1 mice harboring a Wnt1 transgene under control of the mouse mammary tumor virus long terminal repeat (MMTV-LTR) promoter in a C57BL/6 background (B6SJL-Tg (Wnt1)1Hev/J) 79 were obtained from The Jackson Laboratory. The mice were palpated twice a week to detect mammary tumor formation. When the tumors reached a volume of 200-500 mm 3 , mice were divided randomly into cohorts and treated with PBS, DCR-Placebo, or DCR-BCAT, according to the dosing regimens described in the Results. The LNP encapsulated DsiRNAs were dosed intravenously via lateral tail vein at a total volume of 10 mL/kg. Anti PD-1 and anti-CTLA-4 antibodies were given intraperitoneally at 10 mL/kg. For the CD8a depletion study, B16F10 tumor-bearing C57BL/6 mice were injected intraperitoneally with CD8a monoclonal antibody at 200 mg/mouse on days 4 and 5 posttumor implantation, followed by 4 maintenance doses at 100 mg/mouse every fourth day throughout the experiment. The studies were performed in the LS411N xenograft model as described previously. 19 Mice were held in a pathogen-free environment, and all procedures involving animals were performed according to protocols approved by Dicerna Pharmaceuticals' Institutional Animal Care and Use Committee (Dicerna-IACUC).
qRT-PCR Measurements
Animal tissues were preserved by either snap-freezing or by fixing in RNA-later solution (Life Technologies, Carlsbad, CA), and they were homogenized using a QIAGEN TissueLyzer bead mill (Germantown, MD). After total RNA isolation, representative RNA samples were subjected to quality control (QC) and determination of the RNA Integrity Number (RIN) score by Agilent 2100 Bioanalyzer. 100 ng total RNA was used to make cDNA using high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). The cDNA was then diluted 4 times for qRT-PCR using TaqMan Fast Advanced Master Mix (Applied Biosystems) and murine gene-specific primer-probe sets. The following primer-probe sets from Life Technologies were used: Ctnnb1 (Mm00483039_m1), mouse Cd8a (Mm01182107_g1), mouse Ccl4 (Mm00443111_m1), mouse Pdcd1 (Mm01285676_m1), mouse Cd274 (Mm00452054_m1), mouse Cd247 (Mm00446171_m1), mouse Ppib (Mm00478295_m1), mouse Cxcl10 (Mm00445235_m1), mouse Cxcl11 (Mm00444662_m1), Cxcl9 (Mm00434946_m1), Stat1 (Mm01257286_m1), Ido1 (Mm004 92590_m1), Ifng (Mm01168134_m1), human CTNNB1 (Hs0035 5045_m1), and human AXIN2 (Hs00610344_m1). In some experiments, Superscript III one-step qRT-PCR kit (Applied Biosystems, 11732-088) was used as well. to do IHC analysis as described previously. 19 For staining, antibodies against b-catenin (Cell Signaling Technology, Danvers, MA; 8480), CD8 (Invitrogen, Rockford, IL; MA5-13473), granzyme B (Santa Cruz Biotechnology, Dallas, TX; sc-8022), perforin (Santa Cruz Biotechnology, Dallas, TX; sc-7417), as well as the chromatin stain DAPI were used at a concentration of 1:500. Image quantification was performed using Nikon NIS-Elements Advanced Research (AR) software; each data point is the mean of three independent sum intensity measurements taken from representative fields.
Flow Cytometry
Tumors were isolated from mice 24 hr after the final dose of the described regimen. Freshly collected tumors were then disaggregated using GentleMACS mouse tumor dissociation kit (Miltenyi Biotec, Auburn, CA) and filtered through a 70-mm nylon cell strainer to generate single-cell suspension. All tumor cells were then stained with a viability dye and with fluorescent dye-conjugated antibodies in PBS for 20 min on ice. Antibodies to CD3 (17A2), CD4 (GK1.5), CD8a (53-6.7), PD-1 (29F.1A12), CD103 (2E7), CD11b (M1/70), CD25 (PC81), Tim-3 (B8.2C12), LAG-3 (C9B7W), CD16/32 (93), and NK-1.1 (PK136) were purchased from BioLegend (San Diego, CA). Data were acquired on an LSR II flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and analyzed using FlowJo software (Ashland, OR).
Statistical Analysis
All the data are reported as the sample mean ± SEM. Comparisons between two groups were performed using unpaired t test (two tailed, unpaired). Multiple comparisons were performed using one-way ANOVA in GraphPad Prism software. 
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